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Introduction

The thyroid hormone, 3,3 ,́5-triiodo-L-thyronine (T
3
), exerts 

a variety of biological effects in nearly all mammalian tissues, 
in particular, ontogenesis, cell growth, oxygen consumption, 
and metabolism.1 The biological activity of T

3
 relies on binding 

to nuclear thyroid hormone receptors belonging to the ligand-
dependent transcriptional factor family. Transcriptional 
regulation of cellular genes by THRs is initiated via interactions 
with RXR (retinoid X receptor) to form heterodimers that bind to 
thyroid hormone response elements (TREs) within the promoter 
regions or introns of target genes.2

The liver expresses equal amounts of the thyroid hormone 
receptors THRA and THRB, implying that T

3
 regulates gene 

expression through transactivation activity.3 Intriguingly, on 
the one hand, T

3
 promotes lipid catabolism through decreasing 

total amounts of cholesterol, low-density lipoproteins, and 

chylomicron particles.4 On the other hand, T
3
 upregulates several 

lipogenic genes, including low-density lipoprotein receptors, 
CYP7A1 (cytochrome P450, family 7, subfamily A, polypeptide 
1/cholesterol-7α hydroxylase), LIPC (lipase, hepatic), and 
NR1H3 (nuclear receptor subfamily 1, group H, member 3/liver 
X receptor-α), promoting lipid biosynthesis.5-8 Earlier studies 
indicate that T

3
 plays a functional role in maintenance of lipid 

metabolism in several tissues, particularly liver. Several reports 
have confirmed that hypothyroidism causes hyperlipidemia, 
obesity, and nonalcoholic steatohepatitis, which progresses to liver 
cirrhosis and hepatocellular carcinoma (HCC) development.9,10 
These findings suggest a significant association of malfunction 
of T

3
 and impairment of liver function with pathogenesis of lipid-

associated diseases.
Autophagy is a catabolic process involved in bulk degradation 

of unwanted cytoplasmic components, including aggregated 
and/or unfolded proteins and damaged organelles.11 During 
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The thyroid hormone, T3, regulates cell growth, differentiation and development through binding to the nuclear 
thyroid hormone receptor (THR), a member of the steroid/TR superfamily of ligand-dependent transcriptional factors. 
T3 modulates lipid metabolism in liver, although the detailed molecular mechanisms are unclear at present. Here, 
by a microarray analysis, we identified a novel chromosome 19 open reading frame 80 (C19orf80) which was activated 
by T3. T3 stimulation led to upregulation of both mRNA and protein levels of C19orf80. Immunofluorescence analysis 
revealed a vesicle-like pattern of C19orf80 around lipid droplets or within the lysosome-associated compartment in cells. 
Furthermore, T3 treatment as well as C19orf80 overexpression specifically activated the autophagic response and lipid 
metabolism, as observed from lipidated LC3 (LC3-II) and levels of oxygen consumption rate, respectively. Reciprocally, 
knockdown of C19orf80 obstructed T3-activated autophagy and lipolysis. Moreover, treatment with autolysosome 
maturation inhibitors, ammonium chloride and chloroquine, not only suppressed the T3-activated autophagic process 
but also lipid metabolism. Our results collectively suggested that T3 regulates lipid metabolism through a C19orf80-
activated autophagic process.
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the autophagic process, damaged organelles aggregate, and 
misfolded proteins are sequestered within autophagosomes and 
delivered to lysosomes for proteolysis and recycling. Recent 
studies have shown that analogous to the thyroid hormone, 
autophagy regulates lipid metabolism in liver cells by enhancing 
catabolism of lipid droplets (LDs), a major storage organelle of 
excess lipid.12 In the current study, we focused on investigating 
the genes regulated by T

3
 that are involved in lipid metabolism 

through the autophagy process.
DNA microarray analysis led to the identification of a novel 

gene, chromosome 19 open reading frame 80, C19orf80 (also known 
as hepatocellular carcinoma-associated gene TD26), significantly 
induced by T

3
. C19orf80 was initially cloned and characterized as 

a human HCC-associated gene located on chromosome 19p13.2. 
The C19orf80 transcript (NM_018687) is composed of 4 exons 
and encodes a polypeptide of 198 amino acids (NP_061157). 
Sequence analysis revealed that C19orf80 is a transmembrane 
protein with a signal peptide and potential myristoylation site at 
the N-terminal region. Gene expression profiling studies further 
disclosed that C19orf80 is regulated by different stimuli [HCV-1b, 
IFNA (interferon, α), cationic amphiphilic drugs, caloric intake 
and trichostatin A],13-17 implying functions in the maintenance 
of metabolic homeostasis and the regulation of cellular stress 
response in liver. However, the precise molecular mechanisms by 
which T

3
 regulates C19orf80 gene expression and the physiological 

significance of the protein remain to be established.
Here, we propose that T

3
 stimulation transactivates 

C19orf80 expression, based on the upregulation of C19orf80 
mRNA and protein levels in human hepatoma cell lines. The 
immunofluorescence assay showed that C19orf80 exhibits a 
vesicle-like pattern adjacent to the surface of lipid droplets and 
lysosome-associated expression pattern in cells. In addition, 
both T

3
 treatment and ectopic expression of C19orf80 enhanced 

autophagic flux and activated the complete autophagy process. 
Conversely, knockdown of C19orf80 obstructed T

3
-mediated 

activation of autophagy, indicating that T
3
 induces the 

autophagic response through C19orf80. Subsequently, we 
demonstrated that T

3
 and C19orf80 participate in turnover of 

LDs through autophagy. Our results provided evidence that T
3
 

activates autophagy via transcriptional regulation of C19orf80 
gene expression, and shed novel insights into the physiological 
significance of C19orf80 in the modulation of lipid metabolism 
through regulating LD turnover.

Results

T
3
 upregulates C19orf80 expression in human liver cell lines

DNA microarray analysis was utilized to evaluate gene 
expression changes in T

3
-stimulated cells expressing two 

independent thyroid hormone receptors, THRA and THRB, 
HepG2-THRA and HepG2-THRB (Fig. 1A), respectively, with 
the aim of identifying the genes in liver cells regulated by T

3
. 

Comparison of gene expression changes between T
3
-stimulated 

HepG2-THRA and HepG2-THRB cells revealed that 
C19orf80, a HCC-associated gene, is significantly induced by T

3
 

(Fig. 1A, square islet indicated). Using the quantitative reverse 

transcription-polymerase chain reaction (qRT-PCR) assay, we 
confirmed that C19orf80 mRNA is specifically upregulated 
by T

3
 in HepG2-THRA, compared with HepG2-Neo cells 

expressing empty vector (Fig.  1B). Notably, T
3
 transactivated 

C19orf80 gene expression in a dose- and time-dependent manner 
(Fig. 1B). THRB analogously mediated T

3
-induced activation of 

C19orf80 protein in HepG2 cells (compare upper left and upper 
right panels in Fig. 1C). In contrast, no significant C19orf80 
protein was detected in HepG2-Neo cells (Fig. 1C, bottom left 
panel). Our results indicated that T

3
-transactivated C19orf80 

gene expression is simultaneously mediated by THRA and 
THRB. C19orf80 protein was additionally upregulated in Huh7 
cells harboring endogenous THRs (Fig. 1C, bottom right panel), 
supporting the theory that T

3
 activates C19orf80 expression 

through THRs in liver cells. Based on these results, we propose 
that the thyroid hormone transactivates C19orf80 gene expression 
in human liver cells.

T
3
-induced C19orf80 expression depends on the 

transactivation activity of THR
Next, we established whether TR-mediated transcriptional 

activation is required for induction of C19orf80 gene expression by 
T

3
. Sequence analysis revealed several potential thyroid hormone 

response elements (TREs) within the 3.5-kb genome sequence 
upstream of the C19orf80 start codon (Fig. 1D). The fragment was 
subsequently cloned into the pGL3-Luc vector, and the luciferase 
assay performed. As shown in Figure 1D, the 3.5-kb upstream 
region (construct I, positions −3470~−1) displayed transactivation 
ability in the presence of T

3
. Subsequently, deletion of two TREs 

(construct II, positions −1527 to ~−1) led to a dramatic decrease 
in T

3
-induced activation of C19orf80 (Fig. 1D). The −3470 to 

~−1500 region and serial truncations were further subcloned into 
pA3tk-Luc vector containing a minimal herpes simplex virus 
thymidine kinase promoter fragment. Transcriptional activity of 
construct IV (positions -3020 to ~−1500) was stimulated by T

3,
 

which was reduced in construct V (positions −2900 to ~−1500). 
This residual T

3
 induction indicates minor TRE activity in 

the −2900~−1500 fragment. A single fragment containing the 
predicted palindromic ~120 bp sequence (construct VI, positions 
−3020 to ~−2900) was additionally activated by T

3
. Site-directed 

mutagenesis of the conserved palindromic sequence (Fig. 1E) led 
to impairment of T

3
-induced transcriptional activity (Fig. 1D). 

Luciferase assays further supported the presence of a functional 
TRE in the region upstream of the C19orf80 sequence. In the 
in vivo chromatin immunoprecipitation (ChIP) assay, the −3060 
to ~−2895 region containing T

3
-inducible TRE interacted 

specifically with immunoprecipitated THR and RXRA 
(Fig. 1F). Our results collectively suggested that the THR-RXRA 
heterodimer interacts physically with the C19orf80 upstream 
element and triggers C19orf80 transcription upon T

3
 activation.

C19orf80 is localized within the endosome/lysosome
To gain insights into the biological function of 

C19orf80, we initially analyzed its subcellular localization. 
Immunofluorescence analysis revealed significant C19orf80 
expression in HepG2-THRA cells treated with T

3
 (Fig.  2A, 

bottom left). In addition, C19orf80 was mainly localized in the 
cytoplasm, exhibiting a vesicle-like distribution (Fig. 2A, bottom 
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Figure 1. TR upregulates C19orf80 expression in HCC cell lines. (A) Affymetrix microarray analysis was performed to determine relative fold induction 
of T3 in HepG2-THRA/THRB cells. Each dot represents a specific gene probe. The C19orf80 tag (220437_at) is indicated. (B) qRT-PCR of C19orf80 mRNA 
expression levels in HepG2-Neo and HepG2-THRA cells (***P < 0.001, n = 3). Error bars: s.e.m. (C) Immunoblots of HepG2-THRA, HepG2-THRB, HepG2-Neo 
and Huh7 cell lysates. (D) Schematic representation of the C19orf80 promoter with potential TRE binding sites (+1, translation start site). Serial deletion 
or mutated fragments of C19orf80 5'-flanking DNA were cloned into pGL3 or pA3tk-luc reporter plasmids, as indicated. T3 induction fold is presented as 
mean values ± s.e.m. (n = 3). (E) Putative TRE sequences of C19orf80 are indicated. (F) ChIP assay of the C19orf80 5´-flanking region (−3060 to ~−2895). 
The promoter region of GAPDH was used as the negative control.
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left). Several dot-like structures of C19orf80 
were associated with lysosomal-associated 
membrane protein 2 (LAMP2) and partially 
with calnexin (CANX), indicating localization 
at the endosome/lysosome and endoplasmic 
reticulum (ER) (Fig.  2A, arrowhead; Fig. 
S1A), respectively, while C19orf80 was rarely 
detected in the mitochondria (data not shown). 
Subcellular fractionation analysis further 
confirmed that C19orf80 cofractionates with 
LAMP2 and CANX (Fig. S1B, fractions 7 
to ~10), consistent with the results presented 
in Figure  2A and Figure S1A, respectively. 
These findings collectively suggested that the 
C19orf80 signal localizes within the lysosome/
endosome and ER-associated compartments.

T
3
 promotes the formation and maturation 

of autophagic vacuoles
Since the endosome/lysosome is responsible 

for maintenance of cell homeostasis via protease- 
induced degradation and recycling of the 
cytosolic content within an acidic environment 
at pH 4.5–6.018 and T

3
 regulates lysosomal 

activity by modulating hydrolytic enzymes or 
transporter protein,19-21 we examined whether 
T

3
 affects accumulation of acidic vacuoles in 

cells. As shown in Figure 2B, T
3
 treatment of 

HepG2-THRA cells led to a dramatic increase 
in the number and size of acidic vacuoles labeled 
using Lyso-ID red, a specific dye staining 
the acidophilic compartments in cells. Based 
on these results, we propose that the thyroid 
hormone promotes accumulation of acidic 
organelles, such as endosomes/lysosomes and/
or autophagic vacuoles in liver cells.

A decrease in autophagic vacuoles has 
been reported in the Harderian gland of 
hypothyroid rats.22 Accordingly, we examined 
whether T

3
 alters the autophagic response, 

thus enhancing the accumulation of acidic 
organelles. After 48 h stimulation with 
T

3
, phosphatidylethanolamine-conjugated 

microtubule-associated protein 1 light chain 
3 (LC3-II) was increased in conjunction with 
downregulation of SQSTM1 (also known 
as p62), a cargo receptor that is degraded 
by the autophagic process (Fig.  2C). The 
data indicate that T

3
 activates autophagy to 

induce the degradative pathway. C19orf80 
was concurrently upregulated with activation 
of autophagy in T

3
-stimulated cells 

(Fig.  2C), suggesting association of this gene 
with the T

3
-activated autophagic process. 

Next, transmission electron microscopy 
ultrastructural analysis was employed for 
morphological assessment of activation of 

Figure 2. T3 induces the formation and maturation of autolysosomes. (A) Immunofluorescence 
analysis of C19orf80 with LAMP2 in HepG2-THRA cells (inserts, magnified image of arrow-
head indicated). (B) Cells were stained with acidotropic dye, Lyso-ID red, to highlight 
acidic vesicles. Fluorescence signals were captured and analyzed using ImageJ software.  
(C) Immunoblots of HepG2-THRA cell lysates. (D) Transmission electron microscopy analysis 
of HepG2-THRA cells. N, nucleus; M, mitochondria; LD, lipid droplet; AV, autophagic vacuole. 
(E) HepG2-THRA cells were transfected with mRFP-GFP-LC3 expression plasmids overnight. 
Culture media were replaced for a further 48 h, and fluorescence images captured. (F) The 
percentage of acidic vesicular LC3 (RFP+/GFP− signal, arrowhead) was calculated (***P < 0.001, 
**P < 0.01, n = 3). Error bars: s.e.m. (A, B, and E) Scale bar: 20 μm.
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the autophagic response in T
3
-treated cells.23 Significant 

accumulation of autophagic vacuoles was detected in 
T

3
-stimulated cells, in contrast to mock-treated cells (Fig. 2D). 

To further establish whether T
3
 activates autophagy through 

enhancing the autophagic flux, we analyzed the fluorescence 
signal of a tandem mRFP (monomeric red fluorescent protein)-
GFP (green fluorescent protein)-LC3 reporter in cells stimulated 
by T

3
.24 Since GFP fluorescence is attenuated by subsequent 

hydrolysis within lysosomal compartments while RFP remains 
relatively stable and retains the fluorescence signal within acidic 
lysosomes,24 the ratio of GFP and RFP fluorescence can be used 

to examine whether activated autophagosomes 
proceed to the fusion step with lysosomes, forming 
an acidic autolysosome. Upon culture of cells in 
T

3
-depleted medium, GFP and RFP signals of 

the mRFP-GFP-LC3 tandem reporter exhibited 
homogenous distribution throughout the cytoplasm 
and nucleus (Fig.  2E, upper row). Following T

3
 

stimulation, the RFP (but not GFP) signal of the 
mRFP-GFP-LC3 tandem reporter was concentrated 
as a punctate structure (RFP+/GFP−, hereafter 
designated “RFP-LC3 puncta”) (Fig.  2E, bottom 
row). In quantification analysis, the ratio of the 
number of RFP-LC3 puncta to total LC3 puncta 
structures in cells was increased in T

3
-treated cells, 

compared with that in cells depleted of T
3
 (Fig. 2F).

The T
3
-induced LC3-II level was further 

increased in cells treated with ammonium 
chloride (NH

4
Cl) and chloroquine (CQ), two 

pharmacological inhibitors that interfere with 
autolysosome maturation (Fig.  3A, lanes 2 vs. 4 
and 6).25 In addition, degradation of SQSTM1 in 
T

3
-treated cells was inhibited (Fig. 3A, lanes 2 vs. 

4 and 6). NH
4
Cl and CQ treatment restored the 

GFP fluorescence signal of the mRFP-GFP-LC3 
tandem reporter (Fig. 3B), resulting in a decrease in 
the ratio of RFP-LC3 puncta to total LC3 punctate 
structures in cells stimulated with T

3
 (Fig. 3C). Our 

results indicate that the thyroid hormone activates 
complete autophagy in liver cells.

C19orf80 activates the autophagy process 
through to complete autolysosome maturation

In view of the findings that T
3
 simultaneously 

upregulates C19orf80 as well as autophagy, and 
C19orf80 localizes with lysosomal compartments 
in cells (Fig.  2A and C), we further investigated 
whether enhancing C19orf80 expression in cells 
induces autophagy in a similar manner to that 
in cells stimulated by T

3
. Ectopic expression of 

C19orf80 resulted in accumulation of acidic vacuoles 
in cells (Fig. 4A), analogous to T

3
-stimulated cells 

(Fig. 2B). In addition, overexpression of C19orf80 
induced an increase in the LC3-II level and decrease 
in SQSTM1 in cells (Fig. 4B, lane 2), compared with 
empty vector-transfected cells (lane 1). Treatment 
with NH

4
Cl and CQ led to further accumulation 

of C19orf80-induced LC3-II and suppressed degradation 
of SQSTM1 (Fig.  4B, lane 3 vs. 4, lane 5 vs. 6, respectively). 
Consistent with this finding, the amount of RFP-LC3 punctate 
structures was increased in C19orf80-overexpressing cells 
transfected with the mRFP-GFP-LC3 reporter (Fig. 4C and D). 
Clearly, C19orf80 expression is sufficient to activate the complete 
autophagy process in liver cells.

T
3
 activates the complete autophagy process through 

C19orf80 gene expression
To further clarify whether C19orf80 is required for 

T
3
-induced autophagy, we examined the effects of C19orf80 

Figure  3. T3-induced maturation of autolysosomes is blocked by NH4Cl and CQ.  
(A) HepG2-THRA cells were treated with inhibitors (NH4Cl: 20 mM, CQ: 50 μM), as 
indicated, and lysates subjected to immunoblot analysis. (B) HepG2-THRA cells were 
transfected with mRFP-GFP-LC3 overnight. Culture media were treated as for (A), and 
fluorescence images captured. (C) The percentage of acidic vesicular LC3 (RFP+/GFP− 
signal) was calculated (***P < 0.001, **P < 0.01, n = 3). Error bars: s.e.m. Scale bar: 20 μm.
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knockdown on the T
3
-induced increment of acidic vacuoles, 

LC3-II accumulation, and SQSTM1 degradation. Knockdown 
of C19orf80 by itself did not affect acidic vesicle formation upon 
culture in T

3
-depleted serum. However, after T

3
 treatment, 

C19orf80 knockdown cells exhibited fewer lysosomes, compared 
with control cells containing large amounts of Lyso-ID-labeled 
lysosome (Fig.  5A). Moreover, the T

3
-activated fold of LC3-II 

level was reduced (comparing the ratio index below lanes 2 
and 4 in Fig. 5B) and the SQSTM1 level was increased in cells 
with a knockdown of C19orf80. Importantly, interference with 
T

3
-induced C19orf80 expression via gene silencing abolished 

the increase in LC3-II by CQ (comparing the ratio index below 
lanes 6 and 8 in Fig. 5B). Furthermore, the T

3
-stimulated ratio of 

RFP-LC3 puncta to total LC3 punctate structures of the mRFP-
GFP-LC3 tandem reporter was decreased following C19orf80 
knockdown (Fig. 5C and D). It should be noted that silencing of 
C19orf80 gene expression partially rescued the GFP fluorescence 

Figure 4. C19orf80 induces an increase in acidic vesicles and promotes 
autophagy (A) Lyso-ID staining of Huh7-C19orf80 cells. Fluorescence 
signals were analyzed. (B) Immunoblots of Huh7-C19orf80 cell lysates. 
Cells were pretreated with inhibitors (NH4Cl: 20 mM, CQ: 50 μM) for 24 h. 
(C) mRFP-GFP-LC3 expression plasmids were transfected into C19orf80-
overexpressing Huh7 and control cells for 72 h. (D) The percentage of 
acidic vesicular LC3 (RFP+/GFP− signal, arrowhead) was calculated (***P 
< 0.001, **P < 0.01, n = 3). Error bars: s.e.m. (A and C) Scale bar: 20 μm.

signal of the mRFP-GFP-LC3 tandem reporter and C19orf80 
was cofractionated with LAMP2 as well as LC3-II and SQSTM1 
in the T

3
-treated cells (Fig. 5D and Fig. S1B, respectively). These 

results imply that C19orf80 is targeted to autophagic vacuoles, 
particularly acidic autolysosomes, and plays a role in autolysosome 
maturation to regulate T

3
-activated autophagy. Based on these 

data, we propose that thyroid hormone activates the autophagy 
process through C19orf80 upregulation.

T
3
-induced C19orf80 associates with lipid droplets

Since autophagy regulates lipid metabolism by enhancing 
LD catabolism, we addressed whether T

3
-induced autophagy 

via C19orf80 participates in lipid catabolism. Using 
immunofluorescence analysis, we initially showed that 
C19orf80 colocalizes with PLIN3 (perilipin 3, a LD-associated 
protein) (Fig.  6A, bottom row). Moreover, endogenous 
C19orf80 in cells with T

3
 stimulation or ectopically expressing 

Figure  5. C19orf80 knockdown compromises T3-induced autophagy. 
(A) C19orf80 knockdown and cognate control HepG2-THRA cells were 
stained with Lyso-ID. Fluorescence signals were captured and analyzed. 
(B) Immunoblots of C19orf80 knockdown and control cells. Cells were 
pretreated with CQ (50 μM) for 24 h. Relative fold of T3-induced LC3-II 
lipidation is presented (LC3-II/ACTB, +T3/−T3). (C) mRFP-GFP-LC3 expres-
sion plasmids were transfected into C19orf80 knockdown and control 
cells overnight. Culture media were replaced for a further 48 h, and fluo-
rescence images captured. (D) The percentage of acidic vesicular LC3 
(RFP+/GFP− signal) was calculated (***P < 0.001, **P < 0.01, n = 3). Error 
bars: s.e.m. Scale bar: 20 μm.
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FLAG-C19orf80 exhibited localization signals on the surface 
of LDs labeled with the lipophilic dye, BODIPY 493/503 
(Fig.  6B, magnification insert and Fig.  6C, lower insert, 
respectively). Subcellular fractionation additionally disclosed 
that a proportion of PLIN3 cofractionates with C19orf80 
(Fig. S1B, fractions 2 and 3). Immunofluorescence analysis 
of FLAG-C19orf80 in HepG2-THRA cells further confirmed 
that C19orf80 was partially associated with PLIN2 (perilipin 2, 
a known protein localized on the surface of LDs) and BODIPY 
staining (Fig. S2A and S2B, magnified image, arrowhead). 
The distinct distribution of C19orf80 was in accordance with 
subcellular fractionation that C19orf80 exists in both the light 
(Fig. S1B, fractions 2–3, with PLIN3) and heavy (Fig. S1B, 
fractions 7 to ~10, with LAMP2 and LC3-II) fractions. Our 
findings indicated that a portion of thyroid hormone-induced 
C19orf80 associates with LDs.

T
3
-induced C19orf80 participates in lipid metabolism

To establish whether T
3
-activated autophagy facilitates 

degradation and catabolism of LDs in liver cells, we initially 
treated T

3
-stimulated cells with NH

4
Cl and CQ, with a view 

to establish whether interference with the complete autophagy 
process restores LD expression. As shown in Figure  7A, T

3
 

stimulation led to an increase in LDs, presumably through 
transcriptional activation of lipogenic genes.5-8 Treatment 
with NH

4
Cl and CQ further upregulated T

3
-induced LC3-II 

expression (Fig. 3A) as well as LD levels (Fig. 7A). The intracellular 
triglyceride (TG) content in T

3
-treated cells accumulated in 

a similar manner (Fig.  7B). The etomoxir-inhibited oxygen 
consumption rate (OCR; see Materials and Methods), an 
indirect measurement of free fatty acids (FFAs) oxidation in cells, 
was enhanced upon T

3
 stimulation (Fig. 7C), implying that T

3
 

accelerates LD catabolism to FFAs via autophagy. In contrast, 

Figure 6. T3-induced C19orf80 is associated with lipid droplets. (A) Immunofluorescence analysis of C19orf80 with PLIN3 in HepG2-THRA cells. BODIPY 
staining of T3-induced C19orf80 in HepG2-THRA cells (B) or FLAG-tagged C19orf80 in Huh7 cells (C). The insert shows magnified image of region indi-
cated by arrowhead. Scale bar: 20 μm.
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inhibition of T
3
-induced complete autophagy by NH

4
Cl and 

CQ diminished the T
3
-induced fold change of OCR (Fig. 7C). 

Furthermore, treatment of T
3
-stimulated cells with NH

4
Cl and 

CQ enhanced the oleic acid-induced LD number and size (Fig. 
S3A and S3C). However, the number and size of LDs were not 
affected by NH

4
Cl and CQ in T

3
-stimulated cells treated with 

palmitic acid, a saturated FFA that is poorly converted to TG 

and enriched in LDs (Fig. S3B and S3D). These results indicate 
that the T

3
-activated autophagic response triggers a proteolytic 

process to degrade LDs.
Overexpression of C19orf80 led to a reduction in the number 

and size of LDs as well as TG content, whereas the oxygen 
consumption was upregulated (Fig.  7D–F; Fig. S3E and 
S3F), indicating that T

3
 promotes LD catabolism through the 

Figure 7. T3-induced C19orf80 is associated with lipid metabolism. (A–C) HepG2-THRA cells were cultured in the absence or presence of 10 nM T3 for  
24 h. Acidic inhibitors were added for a further 24 h, as indicated. (D–F) Huh7-C19orf80 and vector control cells were plated for 48 h. (G-I) C19orf80 
knockdown and cognate control HepG2-THRA cells were cultured in the absence or presence of 10 nM T3 for 48 h. Lipid droplets were stained with 
BODIPY (A, D, and G), and triglyceride (TG nmole/μg) (B, E, and H) and oxygen consumption rate (pmole/min/μg protein) (C, F and I) detected. (***P < 
0.001, **P < 0.01, *P < 0.05 n = 3). Error bars: s.e.m. Scale bar: 20 μm.
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C19orf80-induced autophagy process. Moreover, knockdown 
of C19orf80 in T

3
-treated cells increased the LD number  

and size, and TG levels and reduced the OCR (Fig.  7G–I;  
Fig. S3G and S3H), further confirming that C19orf80 is 
required for T

3
-activated lipophagy. In keeping with this  

finding, C19orf80 was localized on the surface of LDs and 
associated with PLIN3 (Fig. 6; Fig. S1B), supporting the 
theory that C19orf80 participates in the degradation of LDs. 
Taken together, we propose that C19orf80 functions in thyroid 
hormone-regulated lipid metabolism through promoting the 
breakdown of LDs.

Discussion

Autophagy is activated to modulate intracellular metabolites, 
such as lipids, for the successful maintenance of cell homeostasis. 
Analogous to the autophagic response, T

3
 functions as a key 

regulator in the modulation of lipid metabolism. However, the 
issue of whether T

3
 regulates lipid metabolism through effects 

on the autophagy pathway remains to be established. Recently, 
Sinha and coworkers showed that T

3
 activates autophagy to 

enhance β-oxidation of FFAs, implying that T
3
 stimulates a 

new route to regulate hepatic lipid metabolsim.26 However, the 
molecular mechanisms by which T

3
 induces autophagy and 

modulates β-oxidation of FFAs remain unclear. In the current 
study, we demonstrated that T

3
 activates complete autophagy 

through to autolysosome maturation via transactivation of 
C19orf80 in human hepatoma cell lines. Ectopic expression 
of C19orf80 in liver cells was sufficient to trigger the entire 
autophagic response. Conversely, knockdown of endogenous 
C19orf80 suppressed T

3
-induced autophagy. Moreover, both 

T
3
 and C19orf80 promoted catabolism of LDs, as evident from 

the increased levels of oxygen consumption. Our results suggest 
that T

3
 regulates lipid metabolism via a C19orf80-mediated 

autophagic response.
The cellular function of C19orf80 is largely unknown 

at present. Initially, we focused on establishing the cellular 
localization of C19orf80. Immunofluorescence microscopy 
revealed that T

3
-induced C19orf80 forms small punctate vesicular 

structures of variable sizes. Moreover, C19orf80 associated with 
LAMP2, indicative of endosomal and lysosomal distribution. 
Several lines of evidence support a role of T

3
 in lysosomal activity 

via regulation of hydrolytic enzymes or transporter protein.19-21 
T

3
 has additionally been shown to upregulate several lipogenic 

genes to promote biosynthesis of lipids.5-8 Lipid droplets are 
surrounded by C19orf80, implying a functional correlation 
of endosomes/lysosomes with lipid vacuoles. Autophagy is a 
characteristic of cytoplasmic vacuolation.27 Notably, autophagic 
vacuoles are reduced in the Harderian gland of hypothyroid 
rats.22 In our experiments, LAMP2, an important factor for 
autolysosome fusion,28 was induced by T

3
 and associated with 

C19orf80, consistent with the theory that T
3
 is involved in 

vacuolization and degradation. Accordingly, we postulated that 
C19orf80 functions in lysosome activity, focusing on T

3
-induced 

autophagic flux. Our results clearly indicated that T
3
 is involved 

in the autophagy pathway, consistent with a recent study.26 

Furthermore, C19orf80 appears to participate in the autophagic 
flux and lipid metabolism.

Rapamycin, a mechanistic target of rapamycin (MTOR) 
inhibitor, reverses the inhibitory effects of excess amino acids 
on autophagic proteolysis and autophagic sequestration in 
rat hepatocytes.29 The MTOR pathway regulates the ULK1 
kinase complex and inhibits the initial step of autophagosome 
formation.30 Several hormones have been shown to modulate 
autophagy via the MTOR pathway. For instance, glucocorticoid 
hormones induce a stress response gene, DDIT4 (DNA-damage-
inducible transcript 4), to repress MTOR signaling and promote 
autophagy in lymphocytes and osteocytes.31,32 Moreover, serum 
deficiency induces both autophagy and apoptosis in mammary 
epithelial cells. Meanwhile, another study has reported that 
the autophagy pathway is suppressed by IGF1 [insulin-like 
growth factor 1 (somatomedin C)] and EGF (epidermal growth 
factor), but activated by 17β-estradiol and progesterone.33 In 
the midgut and fat body of Drosophila larvae, ecdysone triggers 
programmed autophagy by downregulating the phosphoinositide 
3-kinase (PtdIns3K) pathway during the final larval stage.34 T

3
 

additionally stimulates the AKT1-MTOR-RPS6KB pathways in 
myocytes, fibroblasts, and hepatoma cells.35-38 T

3
-induced AKT1-

MTOR-RPS6KB kinase signaling and cardiac hypertrophy are 
prevented by rapamycin, indicating that hypertrophy occurs 
as a consequence of aberrant regulation of protein synthesis 
and autophagic degradation.35,37 In fibroblasts, T

3
 induces 

rapid activation of AKT1 and its nuclear translocation, leading 
to phosphorylation of nuclear MTOR.36 In HepG2 cells, T

3
 

stimulates protein expression of the lipogenic transcription 
factor, SREBF1 (sterol regulatory element binding transcription 
factor 1), without affecting SREBF1 mRNA abundance.38 This 
post-transcriptional modulation is suggested to be dependent on 
PtdIns3K-AKT1-MTOR pathway activation, since a PtdIns3K 
inhibitor effectively abolishes the stimulatory effect of T

3
. In 

contrast, the effect of T
3
 on SREBF1 is further enhanced by 

rapamycin, suggesting negative feedback of the MTOR target, 
RPS6KB, on the PtdIns3K-AKT1 pathway.38 The results suggest 
that T

3
 also inhibits autophagy via enhancement of the MTOR 

pathway. Conversely, TP53INP2 (tumor protein p53 inducible 
nuclear protein 2/ diabetes- and obesity-regulated), which is 
T

3
-activated and serves as a nuclear cofactor of THRs, is reported 

to physically interact with LC3 to stimulate autophagosome 
formation and accelerate degradation of stable proteins.39-41 This 
discrepancy in regulation may stem from innate differences in 
cell characteristics or integrated signals of the cell environment. 
For instance, lysosome enzymes are induced by T

3
 in liver cells, 

but are not affected by T
3
 in heart and kidney.20

As specified above, C19orf80 levels are regulated by various 
factors, including HCV-1b, IFNA, cationic amphiphilic 
drugs, caloric intake and trichostatin A.13-17 Interestingly, these 
targeting factors are essentially involved in the lysosomal or 
autophagy pathway. For instance, hepatitis C virus infection 
induces autophagy and is inhibited by autophagic inhibitors.23 
The antiviral response of IFNA also induces autophagy.42 
Cationic drugs inhibit lysosomal activity and trigger autophagic 
vacuolization.43 Extended longevity via caloric restriction and 
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resveratrol has additionally been associated with autophagy 
induction.44,45 Conversely, transverse aortic constriction-induced 
autophagy is abolished by the histone deacetylase inhibitor, 
trichostatin A.46 It is possible that these agents act through 
C19orf80, utilizing lysosomal activity to modulate the autophagy 
pathway, which would provide an explanation for T

3
-regulated 

liver physiology and pathogenesis.
In summary, we have shown that C19orf80, a liver-specific 

gene, is potently induced by T
3
 at the transcriptional level. 

T
3
-induced C19orf80 localizes onto LDs and may targets the 

LDs to autophagic degradation, thus regulating lipid metabolism.

Materials and Methods

Cell cultures
Human hepatoma cell lines, HepG2 and Huh7, were 

maintained in Dulbecco’s modified Eagle’s medium supplemented 
with 10% (v/v) fetal bovine serum in a humidified atmosphere 
under 5% CO

2
. T

3
 depletion (Td) serum was prepared by 

depletion of T
3
 with AG 1-X8 resin (Bio-Rad, 140-1451), as 

described previously.47

qRT-PCR
Total RNA was extracted from cells using TRIzol (Invitrogen, 

10296-028) as previously described.48 Subsequently, cDNA was 
synthesized using the SuperscriptII kit for RT-PCR (Invitrogen, 
18064-014). qRT-PCR was conducted in a 15-μl reaction 
mixture containing 50 nM forward and reverse primers, 1 × 
SYBR Green reaction mix (Applied Biosystems, 4309155), and 
3.2 nM template, as described previously.48 The sequences of 
primers for quantitative real-time PCR are listed in Table S1.

SDS-PAGE and immunoblot analysis
Cell lysates were harvested as previously described.48 The 

equal amounts of protein were resolved by 12% SDS-PAGE, 
and the gel was transferred to nitrocellulose membrane. The 
membrane was blocked in 5% (w/v) nonfat dried milk for 1 
h and incubated with primary antibodies at 4 °C overnight. 
After further washing, the membrane was incubated with the 
appropriate secondary antibodies for 2 h at room temperature. 
Immune complexes were visualized with chemiluminescence 
using an ECL detection kit (Amersham, RPN2232), as described 
in a previous report.48

Fluorescence image analysis
For immunofluorescence analysis, cells were fixed with 4% 

paraformaldehyde, blocked and incubated with the primary 
and corresponding secondary antibodies. Images were acquired 
using Carl Zeiss Axiovert 200M microscope and AxioVision Rel. 
4.7 software. Lysosomal vesicles were highlighted with Lyso-ID 
red. Fluorescence images were captured and quantified using 
imageJ software (Version 1.43s, National Institutes of Health). 
The average Lyso-ID areas were measured from the randomly 
selected fields containing more than 100 cells, and average 
pixels converted to square micrometers. For quantification of 
acidic autophagic vesicles, cells were transfected with mRFP-
EGFP-LC3 fusion protein-expressing plasmid.24 After T

3
 and/or 

inhibitor treatment, percent of acidic aggregates (red dots/total 
dots) per cell were counted. Lipid droplets were fixed and stained 

with BODIPY 493/503 for 20 min. Fluorescence images were 
captured under a GE Healthcare’s IN Cell Analyzer 1000. The 
number and size of lipid droplets were quantified using IN Cell 
Investigator software.

Antibodies and reagents
The following antibodies or reagents were used: Mouse 

polyclonal C19orf80 (Abnova, H00055908-B01), rabbit polyclonal 
LC3 (Cell Signaling Technology, 2775), mouse monoclonal 
SQSTM1 (Santa Cruz Biotechnology, sc-28359), rabbit 
monoclonal LAMP2 (Epitomics, 3660-1), rabbit monoclonal 
CANX (Epitomics, 2692-1), rabbit monoclonal PLIN2 
(Epitomics, 3293-1), mouse monoclonal FLAG (Sigma-Aldrich, 
F3165), mouse monoclonal ACTB (Chemicon, MAB1501R), 
goat polyclonal PLIN3 (Santa Cruz Biotechnology, sc-14723) 
and rabbit polyclonal RXRA (Santa Cruz Biotechnology, sc-553). 
Mouse monoclonal antibody against TR (C4) was a gift from 
Sheue-yann Cheng (National Cancer Institute). AG 1-X8 (Bio-
Rad, 140-1451), T

3
 (Sigma-Aldrich, T2752), chloroquine (Santa 

Cruz Biotechnology, sc-205629), ammonium chloride (Merck, 
101145), Lyso-ID (Enzo Life Sciences, ENZ-51005), oleic acid 
(Sigma-Aldrich, O1008), palmitic acid (Sigma-Aldrich, P5585), 
BODIPY 493/503 (Invitrogen, D-3922) and etomoxir sodium 
salt (Sigma-Aldrich, E1905).

Plasmid construction
To construct the various C19orf80 promoter reporter 

plasmids, fragments of the C19orf80 upstream element (−3470 to 
−1, +1 corresponding to the AUG initiation site) and truncation 
mutants were amplified by PCR, and subcloned into pGL3-Luc 
or pA3tk-Luc vector. For overexpression, C19orf80 cDNA was 
amplified by PCR and inserted into the pcDNA3.1 (Invitrogen, 
V875-20) and p3xFLAG-CMV-14 vectors (Sigma, E7908). The 
sequences of primers used in this study are listed in Table S1.

Reporter assay and ChIP assay
HepG2-THRA cells were transfected with the indicated 

C19orf80 promoter reporters using Turbofect reagent  
(Thermo Fisher Scientific, R0531). Treated cells were harvested 
for the determination of firefly luciferase activity (Promega, 
E1960).

The ChIP assay was performed as previously described.49 
Briefly, THR- or RXRA-binding DNA was immunoprecipitated 
with the corresponding antibody, and the immunoprecipitated 
DNA fragments were amplified using specific primer sets 
targeted to the C19orf80 TRE. The promoter region of  
GAPDH (glyceraldehyde-3-phosphate dehydrogenase), which  
does not contain conserved TRE, was used as the negative 
control.

Overexpression and knockdown of C19orf80
For stable overexpression of C19orf80, Huh7 cells were 

transfected with pcDNA3.1- C19orf80 and selected with 
hygromycin (50 μg/ml; Sigma-Aldrich, H7772) for two weeks. 
Then the surviving cells were pooled and cultured as previously 
described.21 For overexpression of FLAG-tagged C19orf80, 
cells were transfected with p3xFLAG-CMV-14-C19orf80. 
To knock down endogenous C19orf80, HepG2-THRA cells 
were transfected with the lentiviral short hairpin (sh) RNA-
expressing plasmid as described previously.21 The pLKO.1 shLuc 
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and pLKO.1 shC19orf80-expressing vectors were purchased 
from the National RNA Interference Core Facility (Institute 
of Molecular Biology, Academia Sinica, Taipei, Taiwan). Clone 
TRCN0000072243 was for shLuc, and TRCN0000162915 for 
shC19orf80.

Triglyceride content and oxygen consumption analysis
The cellular triglyceride content was measured using an 

adipogenesis assay kit (BioVision, K610-100). For indirect 
monitoring of fatty acid oxidation, the extracellular oxygen 
consumption rate was measured accompanied with the 
β-oxidation inhibitor (etomoxir). Briefly, cells were seeded in 
Seahorse XF24 microplates under desired growth conditions. 
Growth media were replaced with assay media (2% serum 
without sodium bicarbonate) without CO

2
 supplied for 1 

h. Total oxygen consumption rate (OCR
total

) was initially 
measured by Seahorse Extracellular Flux XF24 analyzer and 
basal respiration (OCR

respiration
) was subsequently measured by 

adding etomoxir (50 μM). The value of OCR
total

 − OCR
respiration

 
(pmole/min/μg protein) was suggestive of oxygen consumption 
for β-oxidation.

Statistical analysis
Values are expressed as means ± s.e.m. of at least three 

experiments. Statistical analysis of data was performed with 
the Student t test or one-way ANOVA. P < 0.05 was considered 
significant.
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